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We have observed very strong magnetization-induced changes of the infrared-visible sum-frequency gen-
eration ~SFG! intensity from thin magnetic films using a free electron laser as a tunable infrared source. With
the help of a magnetic grating a clear resonance is observed due to the excitation of surface plasmon-
polaritons. The magnetization dependence of this resonance opens the way for nonlinear magneto-optical SFG
studies of magnetic surface excitations.
In recent years, magnetization-sensitive second harmonic
generation ~MSHG! has been developed into a valuable
method to study magnetic surfaces and multilayers.1–6 This
nonlinear magneto-optical technique combines the conve-
nience of an optical technique with intrinsic surface/interface
sensitivity3,4 and strongly enhanced magneto-optical effects.5
For example, MSHG allowed to detect enhanced magnetic
moments at atomic steps,7 to correlate interface roughness
with interface anisotropy8 and to obtain very high contrast
domain images for thin films.9 In addition, nonlinear
magneto-optical effects have been discovered.10,11
Second harmonic generation is just a degenerate case of
the general nonlinear optical process of three-wave mixing,
v11v25v3. The argument of symmetry breaking at inter-
faces, which yields the interface specificity of MSHG,
should equally apply to magnetization-induced sum-
frequency generation ~MSFG!. Though SFG has been used
for surface studies for more than a decade,12,13 nothing is
known on the magnetic properties of SFG. Compared to
MSHG, MSFG would allow for much more spectroscopic
opportunities, for example to probe magnetic excitations at
surfaces and interfaces.
In this paper we demonstrate that such a generalization
can indeed be carried out and leads to very strong (.50%)
effects on ultrathin films of iron on a GaAs~001! single crys-
tal surface as well as on sandwiched Pt/CoNi/Pt layers and
nanostructure arrays. By syncronizing the output of a fre-
quency doubled Nd:YLF laser with the tunable IR output of
a free electron laser we obtained an SFG signal that was
strongly dependent on the magnetization. On an array of
magnetic lines ~magnetic grating! a clear resonance was ob-
served as a function of the infrared wavelength, which is an
indication of the excitation of surface plasmon-polariton
modes. The dependence of this resonant feature on the mag-
netization direction suggests a considerable interaction of
these modes with the magnetization.
The nonlinear optical polarization induced in a sample by
two incident optical fields can be written as
Pi
(2)~vs f g!5x i jk
(2)~vs f g ;v ir ,vvis!E j~v ir!Ek~vvis!, ~1!
where vs f g , v ir , and vvis are the frequencies of the SFG,
infrared and visible beams, respectively, and x i jk
(2) is the
second-order nonlinear optical susceptibility tensor similar
as used for the description of MSHG.1 Both SHG and SFG
are described by a third rank tensor that vanishes in media
with inversion symmetry, yielding the sensitivity of both
SHG and SFG for symmetry breaking interfaces. In the same
way one can also immediately derive the nonzero x i jk
(2) ele-
ments that appear in the presence of a magnetization as they
are the same for MSHG and MSFG. However, in the former
case, the response is purely determined by the electronic den-
sity of states ~DOS!, for MSFG both the electronic as well as
vibronic ~phonons, magnons! states can contribute to the
nonlinear optical response. While this is rather a practical
limitation due to the measurement techniques, it is neverthe-
less a key point of interest to the SFG technique in general.
The direction in which this polarization radiates is found
from the conservation of momentum parallel to the interface:
kx~vs f g!5kx~vvis!1kx~v ir!. ~2!
The experiments were done at the Free-Electron Laser for
Infrared eXperiments ~FELIX! in Nieuwegein, The Nether-
lands, delivering tunable infrared radiation with wavelengths
in the range of 52240 mm. This IR radiation comes in
bursts, so-called macropulses, typically 5 ms long at a 5 Hz
repetition rate. Each macropulse contains a large number of
1–3 ps long micropulses, with a repetition rate of 1 GHz that
is given by the modulation frequency of the electron beam.
The typical micropulse energy in the range of 5–50 mm is
10 mJ.
An actively mode-locked Nd:YLF oscillator is synchro-
nized to FELIX in order to produce an SFG output. The laser
is diode pumped and operates at exactly one quarter of the
pulse repetition rate of FELIX ~the actual frequency is
249.856650 MHz!. It produces 6 ps pulses with a typical
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energy of 1 nJ at 1047 nm. For proper mode-locking opera-
tion of the laser its cavity length is matched to the RF fre-
quency that is applied to the mode-locker crystal, by actively
controlling one cavity mirror with a piezo transducer. The
remaining jitter was measured to be less than 1 ps. The delay
between the two lasers was then adjusted with the help of an
electronic phase shifter, allowing for delay changes of 1 ns
maximum.
In order to obtain pulse energies comparable to those of
FELIX the output of the Nd:YLF laser is amplified several
orders of magnitude, then frequency doubled in a KD*P
crystal, resulting in 7 ps pulses at 523.5 nm with an energy
content up to 30 mJ. The amplifier slicer was synchronized
with the FELIX macropulses in order to obtain a similar time
structure for both lasers.
Both lasers were only slightly focused ~beam diameter of
around 1 mm! onto the sample in order to stay well below
the damage threshold. The angles of incidence were 45° and
53° for the visible and infrared beams, respectively. The
sample magnetization was perpendicular to their common
plane of incidence, fixed with a magnetic field of up to 3 kOe
~transversal geometry, see inset in Fig. 1!.
To detect the MSFG response, a back-illuminated liquid-
N2 cooled CCD camera was used. The high quantum effi-
ciency ~up to 70% at 500 nm! and low background noise
(,1 electron per pixel per hour! make such a camera emi-
nently suited as a detector for the very weak SFG signals.
As a first set of test samples we used Fe layers ~10 nm
thick! grown on GaAs~001! surface and covered by a 5 nm
thick Au overlayer, that have been previously checked with
MSHG. The known anisotropic behavior of the nonlinear
magneto-optical response of this structure14 served as a ref-
erence for this pioneering study. On the other hand, to ex-
plore the spectral possibilities of the technique as well as the
tunability of FELIX, we used a magnetic grating ~period of 5
mm) made of sputtered Pt~5 nm!/CoNi~10 nm!/Pt~40 nm!/
Si~001! sandwiched layers. The properties of these Pt/CoNi
interfaces have also been studied before with the help of
nonlinear magneto-optics.8
To test the synchronized operation of the Nd:YAG laser
and FELIX, we measured the optical cross-correlation signal
from a thick gold film on a glass plate. At l ir510 mm the
SFG response was recorded as a function of the relative time
delay between the pulse trains of the two laser systems ~see
Fig. 1!. A Gaussian fit through the recorded data gives a
width of 8 ps FWHM. Given the duration of the visible
(’7 ps! and infrared ~1–2 ps! pulses, the measured cross-
correlation time indicates that the timing jitter is indeed
rather small. It also indicates that there is no measurable drift
of the pulse trains over the duration ~several minutes! of such
an experiment.
Figure 2~a! shows the SFG intensity as a function of the
sample azimuthal angle for two opposite directions of M,
measured in the Au~5 nm!/Fe~10 nm!/GaAs~001! sample in
the transversal magneto-optical geometry. The solid lines
represent the theoretical fits of these dependencies by
Is f g~6M !5~A sin 2w1B6CM !2, ~3!
similar to that used in Ref. 14. Here, the azimuthal anisot-
ropy is related to the crystallographic symmetry of the
GaAs~001! surface.
The magnetization-induced change of the MSFG intensity
is very large ~up to more than 50%!, especially compared to
what has been observed on the same samples with MSHG
(<528 %).14 It is not possible though to derive the reason
for this difference from such singular measurement.
The magnetic asymmetry defined as
FIG. 1. SFG response from gold film as a function of the rela-
tive timing between the pulse trains of the Nd:YLF laser and
FELIX. The inset shows the direction of the wave vectors of the
incident and generated beams.
FIG. 2. SFG intensity for two opposite magnetization direction
~a! and the magnetic asymmetry ~b! as a function of the sample
azimuthal angle measured in the Au~5 nm!/Fe~10 nm!/GaAs~001!
sample with l IR59.5 mm. The solid lines represent the theoretical
fit taking into account the twofold symmetry of the GaAs surface.
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Is f g~1M !2Is f g~2M !
Is f g~1M !1Is f g~2M !
~4!
is plotted in Fig. 2~b! for the two IR wavelengths, 9.5 and
13.6 mm. The slight increase of the asymmetry towards the
longer wavelength is in line with the overall increase of A
from visible MSHG to the infrared-visible MSFG.
The access to the infrared region opens the possibility to
study the interaction of the surface plasmon-polariton ~SPP!
modes15 with magnetization. In the visible, there is always a
strong interference of these modes with interband transitions.
However with photon energies below a few tenths of eV one
obtains not only an effective excitation but also the propaga-
tion over macroscopic distances of surface plasmon polari-
tons. Because SPP modes are confined to the interface and
propagate along its plane, they are particularly sensitive to
the interface properties. In addition, due to a focusing effect,
the field of an SPP can be considerably larger than the field
used to excite it, leading to an enhancement of the nonlinear
optical response.16
The excitation of an SPP by an incident em wave has to
involve a coupling method that takes care of the excess of
momentum carried by SPP. Here a grating with a period of
d55 mm is used for that purpose. For the effective excita-
tion one has to choose the proper wavelength for a given
angle of incidence. The wavevector of the SPP is given by
KSPP5kx~v ir!6kgrating , ~5!
with kx the component of the wavevector of the IR input
radiation along the interface. For wavelengths longer than
the grating period d this leads to the following resonant con-
dition ~see also inset in Fig. 3!:
lres
ir 5d~11sin a!, ~6!
which yields lres
ir 58.99 mm for a553°.
Figure 3 shows the SFG intensity as a function of the
infrared wavelength measured on the Pt/CoNi/Pt grating,
where a clear resonance is observed at l58.9 mm in strict
agreement with Eq. ~6!. The increase of the SFG intensity is
a consequence of the buildup of the interface field due to the
excitation of the SPP’s. The observed resonance can be fitted
by the Lorentzian
x (2)~v!5
a
vSPP2v2iG
1b , ~7!
where a and b are constants indicating the relative weights of
the resonant and nonresonant contributions, vSPP5139 meV
and G52.5 meV for I(1M ). For the opposite magnetization
direction, very small resonant signal does not allow for any
numbers to be derived from the data. Figure 3 not only
shows that SFG from SPP’s is feasible but also that the ob-
served resonance is strongly affected by the magnetization.
This opens the way to study surface spin excitations. By
changing the spatial overlap between the IR and visible
beam, the damping of the SPP and its magnetization depen-
dence can directly be measured.
Note that the detector does not capture all SFG radiation
that is generated at the sample: due to the presence of the
grating, the SFG couples into many diffraction orders be-
cause the grating constant d@ls f g . Of course, it would also
be of interest to study the other orders as well, especially as
a function of the magnetization direction.
To conclude, we have demonstrated the feasibility of
magnetization-induced sum frequency generation and in this
way further extended nonlinear magneto-optics into the
infra-red regime. Similar to the previously studied MSHG,
this MSFG shows a strong dependence on the sample mag-
netization and thus yields a way to study low energy mag-
netic surface excitations. We have illustrated these possibili-
ties with MSFG experiments on a magnetic grating of a
CoNi/Pt structure, that showed an enhancement of the MSFG
intensity due to the excitation of a surface plasmon-polariton.
Finally, we have also shown that the FELIX free electron
laser appears to be a reliable and convenient source for the
nonlinear ~magneto-! optical experiments in the middle- and
far-infrared.
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